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Abstract 
The sustainability of the current nuclear fuel cycles is not completely achieved since they do not optimise the consumption of 
natural resource (only a very small part of uranium is burnt) and they do not ensure a complete and efficient recycling of the 
potential energetic material like the actinides. Promoting nuclear energy as a future energy source requires proposing new 
nuclear systems that could meet the criteria of sustainability in terms of durability, bearability and liveability. In particular, it 
requires shifting towards more efficient fuel cycles, in which natural resources are saved, nuclear waste are minimised, 
efficiently confined and safely disposed of, in which safety and proliferation-resistance are more than ever ensured. Such 
evolution will require (i) as a mandatory step, evolutionary recycling of the major actinides U and Pu up to their optimized 
use as energetic materials using fast neutron spectra, (ii) as an optional step, the implementation of the recycling of minor 
actinides which are the main contributors to the long term heat power and radiotoxicity of nuclear waste. Both options will 
require fast neutrons reactors to ensure an efficient consumption of actinides.  
In such a context, the back-end of the fuel cycle will be significantly modified: implementation of advanced 
treatment/recycling processes, minor-actinides recovery and transmutation, production of lighter final waste requiring lower 
repository space. In view of the 2012 French milestones in the framework of the 2006 Waste Management Act, this paper will 
depict the current state of development with regards with these perspectives and will enlighten the consequences for the 
subsequent nuclear waste management. 
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1. The energetic challenge and the potential place of nuclear energy 
Energy perspectives for the current century are dominated by the anticipated significant increase of energy 
needs due to population growth and the likely economic development of emerging countries. In particular, 
whatever the economic scenario, electricity consumption is anticipated to more than double before 2050 due to 
the shift of fossil energy to electricity [1]. Furthermore, global climate change has now been proven to be 
partially related to industrial activity and, more specifically, the release of greenhouse gases (GHG) [2]. 
Considering that ~80% of our current primary energy comes from fossil energies, we have to face in the near-
future a challenging issue: meeting the increasing energy needs while decreasing the GHG emissions, which 
means decreasing our dependence upon fossil fuels. Nuclear power has very low GHG-emissions (in the range of 
5-30g CO2eq/KWhe [3]) and its development could therefore allow a reduction of the amount of GHG emissions. 
Nuclear power has demonstrated over the past 30 years its capacity to produce base-load electricity at a low, 
predictable and stable cost due to the very low economic dependence on the price of uranium. Furthermore, 
uranium natural resources are widely distributed globally as opposed to fossil fuels and its mining will therefore 
leads to less international stress than for oil. Nuclear energy can therefore significantly contribute to energy 
independence of countries.  
However, nuclear energy is severely questioned by the public opinion after the recent Fukushima accident, in 
particular in Western European countries. In that sense, nuclear energy will only develop if it succeeds in 
meeting the requirement of the sustainability, i.e. "meets the needs of the present without compromising the 
ability of future generations to meet their own needs" [4]. The future of nuclear energy will therefore become 
reality only if the efficiency of nuclear energy in terms of environmental footprint, promotion of the economic 
development and social acceptance is increased. Among others, efficiency of the resources consumption, safety 
of fuel cycle and reactor facilities, acceptability and long-term safety of the waste repository as well as resistance 
towards proliferation are key issues to address.  
1.1. Preserving the natural resource for future generations 
Preserving the needs of the future generations, which is also referred to as inter-generational equity, leads 
directly addressing the issue of natural resource preservation. After irradiation, spent nuclear fuel which has been 
burnt to produce electricity still contains ~96% of U and Pu that are potentially-valuable material to produce 
electricity, and could therefore be worth to be recycled to increase the sustainability (see Figure 1). 
Figure 1: Relative composition of a 47.5 GWd/t UOX spent nuclear fuel after 4y. irradiation in pressurized water reactors. This clearly 
evidences that spent nuclear fuel still contains a large amount of energetic valuable material as uranium and plutonium. 
Therefore, for producing ~80% of its electricity with its nuclear reactor fleet (in the range of 410 TWhe/y), 
France effectively consumes ~60t of uranium atoms (which are either fissioned or transformed through neutrons 
capture in plutonium which is subsequently fissioned), which requires (if we assumed no recycling) the mining of 
~9000t of uranium ore and the charging and discharging of ~1100t of fuel by year (Figure 2) [5].  
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Figure 2: global balance of uranium in an hypothetic once-through fuel cycle producing 410 TWhe. The figures have been assessed by 
considering the French situation and assuming that no recycling is implemented. The current fluxes have therefore been corrected from the 
effect of the effective Pu and U recycling. The current mono-recycling of Pu and part of the reprocessed U, allows saving 17% of the natural 
uranium resource [5]. 
This clearly illustrates that the efficiency of such fuel cycle is relatively low, in the range of 0.6 – 0.7%. 
Promoting the long-term sustainability will require improving this key figure for the preservation of future 
generation needs and promote inter-generational equity.  
Moreover, one has to remind that only ~30% of the worldwide discharged spent nuclear fuel are currently 
reprocessed, the larger part being stored (for 90% in pool), waiting for further decisions or for a future geological 
repository [6]. The accumulation of large amount of stored spent nuclear fuel is hence an increasing long term 
burden that should be reduced. 
1.2. Improving the social acceptance 
Although the 11th March 2011 Fukushima crisis brings the reactor safety in front, nuclear waste is for a long 
term considered by the public opinion as the main Achille’s heel of nuclear energy (see for instance the 
Eurobarometer opinion poll results). It therefore significantly contributes to increase the reticence of public 
opinion towards the use of nuclear energy, and slows down its development. This situation is linked both to the 
instinctive fear of radioactivity and the very long lifetime of the waste, which is difficult to grasp because their 
lifetime is well beyond the human history. In this context, any technical mean that would allow decreasing the 
radiotoxicity and/or the waste lifetime would help to increase the social acceptance of nuclear energy. Deep 
geological repository is thought to be the only ultimate solution for final nuclear waste, since one can’t ensure the 
social continuity for such a long time, and any solution relying on active systems is hence not reliable. However, 
appropriate repository sites have been proven to be a rare resource due to the difficulty to find any site where it is 
both geologically suitable and accepted by the local population. The repository resource has therefore to be 
efficiently managed in order to allow them to accommodate waste for the longer time as possible. 
1.3. The rationale of future fuel cycles: moving from once-through cycle towards actinides recycling 
This context clearly evidences that considering spent nuclear fuel as a waste to be directly disposed of, as it is 
the case in the once-through cycle, is not the most appropriate track to follow to meet the sustainability 
requirements: it wastes high amount of uranium and plutonium that could otherwise be used to produce 
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electricity, it yields to higher volume and toxicity of ultimate waste which hence contributes to an increased 
opposition of public opinion. Such a situation is clearly not sustainable for a long-term and cannot be selected as 
a reference for the long-term. In this context, and in order to improve the global sustainability of nuclear energy, 
France is promoting a three steps approach towards a progressive recycling of the actinides [7]. The aim of this 
paper is to briefly explain this strategy, which is the backbone of the research conducted in the Atalante facility. 
2. Preserving the needs of the future generations by recycling the major actinides U and Pu 
2.1. The mono-recycling in light water reactors 
Figure 3 clearly demonstrates that preserving the uranium natural resource requires developing nuclear 
systems (reactors + fuel cycles) which are able to consume the large amount of U and Pu which is still present in 
spent nuclear fuel.  
First step in this direction has been implemented for decades in France by developing and implementing at the 
industrial scale the Pu and U mono-recycling through their recovery in the La Hague plants and their recycling in 
PWR reactors as MOX fuels. More than 26,000 tHM of UOX spent fuels have been treated in the UP2 and UP3 
plants at La Hague. The corresponding Pu inventory has been recycled as MOX fuels produced in the MELOX 
plant (Marcoule) and used in 22 PWR French reactors. Indeed, over 6,000 MOX fuel assemblies have been 
produced at MELOX. 
Treatment and recycling is today mature, efficient, safe, clean and cost-effective technologies. It requires 
initial dissolution of the spent nuclear fuel to access the nuclear materials and subsequent partitioning the 
valuable elements, U and Pu, from the ultimate waste, mainly FP and MA, via the PUREX process. In the La 
Hague plants, both recovery yields and purification levels are very high (up to 99.9 % of uranium and plutonium 
recovered with decontamination factors of 106 or more). A final conversion step, involving precipitation of 
intermediate oxalates (Pu) or peroxide (U), produces oxide powders compatible with the fabrication specification 
of the fuel fabrication process. 
Figure 3: schematic of the twice-through fuel-cycle with a focus on the separation steps. This fuel cycle allows recycling once plutonium in 
MOX fuels and is currently implemented in France [7]. 
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A single Pu recycling by comparison to once-through open cycle already contributes in enhancing the 
sustainability of nuclear energy by:  
x increasing the efficiency of the natural resources. Up to 17% of the natural uranium consumed in a once-
through cycle is saved because in MOX fuels, the natural 235U fissile isotope is replaced by recycled 239Pu and 
depleted uranium is used as a matrix [8]. In France, roughly 1500t of natural uranium are yearly saved thanks 
to the Pu-mono recycling and MOX fabrication. 
x saving the corresponding enrichment energy cost, which is quite significant; in particular when using the first 
generation gaseous diffusion process. 
x drastically decreasing not only the volume amount, but also the long-term radiotoxicity of the final waste. 
Indeed, as depicted in Figure 4, the long term toxicity of spent nuclear fuel is dominated by plutonium. 
Recycling plutonium leads to a long term radiotoxicity decrease of one order of magnitude, i.e. it takes 10 
times less to return to the initial radiotoxicity of the initial natural uranium (Figure 4) [7]. 
x providing an additional burning of fissile plutonium and avoiding its accumulation in spent fuel stockpiles, 
decreasing the risk of diversion. 
x opening the door to a real waste treatment strategy optimization: the ultimate waste, i.e. fission products and 
minor actinides, are confined in a borosilicate nuclear glass specifically designed for this task. The French 
R7T7 glass represents the international standard for high-level and long-lived waste conditioning. Its lifetime 
has been demonstrated to be in the range of 106 years in French future repository conditions [9]. Furthermore, 
such confinement material does not have any instant release fraction (IRF) whereas the IRF significantly 
contributes to the long term impact of spent nuclear fuel. 
Figure 4: evolution of the radiotoxicity of spent nuclear fuel (orange) and nuclear glass (green) relative to the radiotoxicity of natural uranium 
ore (brown). Mono-recycling Pu already allows decreasing the “lifespan” of the waste from some hundreds thousands years to some tens 
thousands of years [7]. 
Continuous upgrading of the partitioning and recycling processes associated to this strategy is part of the 
research performed in the Atalante facility. A specific effort is focused on the evolution of the PUREX process 
towards a COEXTM process which directly produces a mixed (U,Pu)O2 powder through a co-management of U 
and Pu in the recycling plant. 
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2.2. The multi-recycling in fast reactors 
Increasing further the efficiency of natural uranium resource consumption requires overcoming the 
impossibility of efficiently using 238U, representing 99.27% of natural uranium in the current LWR. Since 238U is 
not fissile, the only way is to promote the "fertilization" of 238U by neutron capture in order to produce 239Pu
which is fissile and thus implement Pu multi-recycling. Compared to thermal neutron spectrum, fast neutron 
spectrum increases the relative capture of neutrons by 238U, producing plutonium isotopes which are all fissile in 
fast neutron reactors. For example, the ratio of fission to capture cross sections of 238Pu, 240Pu and 242Pu are 
respectively increased in fast spectra by factors of 22, 250 and 36 by comparison to thermal spectra. Fast neutron 
reactors could hence potentially be able to use more than 80% of the uranium natural resource instead of 0.6 – 
0.7% in the current LWR, which represents a very significant improvement towards sustainability. This would 
also significantly reduce the natural uranium resource consumed since the existing stockpiles of depleted uranium 
could be used, which could represent up to several thousands years of uranium lifespan. 
In terms of fuel cycle, the feasibility has already been proven since treatment of FR MOX fuels and 
subsequent Pu multi-recycling has been demonstrated at the industrial scale in France where 27 tonnes of FR 
spent MOX fuels have been reprocessed in APM (Marcoule) and UP2-400 (La Hague) plants during the 1980's 
and 1990's. COEXTM process would already be suitable for recovering uranium and plutonium in fast reactors 
fuels (Figure 5) 
Figure 5: Schematic of the fuel-cycle for the future fuel cycles in which plutonium could be multi-recycled 
 thanks to the use of Fast Reactors [7]. 
Main scientific issues are related (i) to the very specific characteristics of fast reactors fuels which will require 
modifying and adapting the head-end part of the plant (shearing and dissolution step), (ii) the one order of 
magnitude higher amount of Pu to yearly manage in the recycling process, that would require adaptation of the 
COEXTM process. Many R&D studies are performed in the Atalante facility to support such a fuel cycle. 
3. Improving the social acceptance of nuclear energy by recycling the minor actinides 
Minor actinides (MA) are the main contributors to the long-term toxicity of the ultimate waste as well as to the 
long-term heat power. Recycling them, and particularly americium (Am), would therefore allow significantly 
decreasing the waste long-term toxicity and the repository surface (thanks to the lower heat power). A gain of up 
to 6 of the surface repository could hence be reached allowing a very significant preservation of the repository 
resource [10]. Figure 6 illustrates the potential gain that could be achieved for long-term radiotoxicity, showing 
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that the waste radiotoxicity could be down to that of the initial uranium ore in roughly 300y. It means that 
recycling the MA could allow bringing the waste back in the human history, making easier its social acceptance 
and the burden towards the future generations. 
Figure 6: evolution of the radiotoxicity of spent nuclear fuel (Sv/TWh electricity) as a function of time, with the contribution of the different 
radionuclides. This figures clearly illustrates that long-term toxicity (>300y.) is dominated by the minor actinides,  
Americium (Am) then Curium (Cm). 
The minor actinides recycling has been widely studied in France since 1991 within the framework of two 
successive waste management Acts. Two main options are under consideration, either the homogeneous 
recycling of MA in the whole fuel core at low concentration, or the heterogeneous recycling of MA in dedicated 
target or blanket at higher concentrations as drawn on the figure 7. 
Figure 7: The two main options for the P&T of minor actinides: (i) on the left side, minor actinides (MA) homogeneous recycling, (ii) on the 
right side,MA heterogeneous recycling. The "T" box stands for the treatment/recycling plants, FP for fission products, 
Specific separation processes have been developed and demonstrated on some kilograms of spent fuels for 
both options. Most of this research has been conducted in the Atalante facility. 
More recently, a large focus was put on the sole-Am recycling, that would allow saving most of the potential 
long-term gains in terms of toxicity and heat power, while avoiding the handling of separated Cm [11]. As an 
illustration, the following figure illustrates what a fuel cycle including the implementation of americium could 
look like. 
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Figure 8: potential future fuel cycle in which would be implemented the Pu multi-recycling and the americium recycling 
 (EXAm separation process). [7] 
After more than 20 years of research, France now possesses some relevant and effective processes to partition 
selectively the minor actinides in view of their subsequent recycling in FR reactors. Technical feasibility can 
therefore be considered as having been achieved. However, several scientific and technological issues are still 
under investigation to achieve efficient and relevant processes at the industrial scale, in particular with regards to 
the better understanding of the actual molecular processes and origin of selectivity, the chemical process 
simulation and piloting, the solvent cleanup or the relevant continuous industrial contactors (as pulsed column, 
mixer-settlers) [11]. 
4. Conclusion 
Future energy systems will only develop if they meet the criteria of sustainability, i.e. preserve the 
environment, promote the economic development and support the societal development in terms of inter-
generational and intra-generational equity. Nuclear energy systems still have a lot of potentials for improving in 
the future their sustainability. First of all, uranium natural resources are not efficiently use in the current nuclear 
systems, which mainly consume 235U and very little 238U while it represents 99.27% of the natural uranium. 
Preserving natural resources for future generations, which is part of the inter-generational equity also, requires 
developing systems which are able to have higher efficiency ratio. Fast reactors systems combined with 
plutonium recycling are the key to gain two orders of magnitude in the natural resource consumption efficiency. 
Mono-recycling in the current PWR reactors is a first significant path in this direction: it already allows 
preserving 15-20% of the uranium natural resource while allowing a very efficient confinement of the ultimate 
waste in a long-lived nuclear glass wasteform. Drivers for these evolutions are both related to the environment 
protection and the economic development. 
Furthermore, nuclear energy is perceived by the public opinion as a very risky industry and part of the 
population is wondering whether it is still worth to use it: main criticism focus first on the perceived health risks, 
although the effective number of deceases and injuries for nuclear energy is quite low when related to the amount 
of electricity produced. For that issue, increasing safety is to be promoted worldwide without any financial 
considerations. Second, criticism focuses on the waste issue. Improving the actinides recycling by recycling the 
minor actinides can be part of the answer to this situation, by decreasing the waste lifetime back within the 
human history. The driver for this improvement is therefore directly related to the social acceptance. 
Figure 9 depicts what we estimated to be the rationale of any fuel cycle development towards an improved 
sustainability of nuclear energy, which is certainly a prerequisite for any future nuclear energy development. 
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Figure 9: the rationale of the future fuel cycles for an improved sustainability of the nuclear systems: mono-recycling allows saving 15-20% 
of the natural resource while allowing a very efficient confinement of the ultimate waste which is reduced by a factor of 5 in volume and 10 
in toxicity. The multirecycling allows increasing the global efficiency of the natural resource consumption by two orders of magnitude. 
Finally, the minor actinides recycling is a key path for decreasing the long-time toxicity and the lifetime of the residual waste, hence 
contributing to a better social acceptance [7]. 
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